Dying epithelial cells are thought to be squeezed out of the epithelium by the contraction of an actomyosin ring formed in live neighboring cells, which simultaneously closes any potential gap, thereby maintaining the integrity of the epithelial layer. The shrinkage and contraction of apoptotic cells contribute little to the extrusion process. In contrast, the clearance of dying intestinal columnar epithelial cells in vivo usually leaves a transient gap via an unknown mechanism. By using freshly isolated small intestinal villus units with or without basal lamina, we found that the nucleus of apoptotic enterocytes moved apically until they budded off, leaving the cytoplasmic residue in the transient gap. Apical polarity of nucleus movement was restricted unless the basal lamina was artificially removed. F-actin mainly accumulated in apoptotic cells rather than neighboring live cells, even after the addition of resistance force against extrusion. The actin accumulation in apoptotic cells does not depend on the living state of neighboring cells. Apoptotic cells can complete the shedding process when neighboring a goblet cell, as the majority of space is occupied by mucin granules and the cytoplasm consists of intermediate filaments and microtubules, but lacks F-actin. We found that the elongation and deformation of apoptotic cells depend on the stretching force generated inside the cell, rather than the force generated by neighboring cells extending. Our findings clearly demonstrate that intestinal epithelial shedding does not depend on the formation and contraction of an actomyosin ring in live neighboring cells. Apoptotic epithelial cells may undergo an active process of cell deformation with adhesion-restricted polarity, which may contribute to maintaining barrier function during a high rate of cellular turnover.
The clearance of apoptotic epithelial cells is critical to shaping an embryo and maintaining homeostasis in adult tissues. Besides the phagocytic clearance of apoptotic cells, 'apoptotic cell extrusion' is thought to be another process for clearance of apoptotic epithelial cells. 1, 2 Apoptotic volume decrease (AVD) or cell shrinkage is thought to be a ubiquitous characteristic of programmed cell death and occurs in nearly all reported examples of apoptosis. [3] [4] [5] [6] However, this shrinkage and contraction of apoptotic epithelial cells contribute very little to their extrusion from the epithelial sheet. Extrusion depends on the circumferential contraction of an actomyosin ring formed in live neighboring cells, which simultaneously closes any gap resulting from a dying cell's exit. 7 The extrusion of apoptotic cells was mostly found to be processed apically in the epithelia encasing vertebrate embryos and adult organs. 2, 7 Basal extrusion was observed occasionally in vertebrates and more commonly in Drosophila embryonic epithelia. 2, 8, 9 Recently, nearly 20% of basal extrusion was observed in ultraviolet-irradiated MadinDarby canine kidney (MDCK) cells. Basal and apical extrusion polarity is determined by the localization of actomyosin contraction in the apices or basolateral surfaces. To extrude the apoptotic cell apically, the microtubules in neighboring cells need to be reoriented, and target p115 RhoGEF to the basolateral site and activate actin/myosin. 2 Rapid and frequent elimination of the effete and damaged epithelial cells is essential to maintain small intestinal barrier function. [10] [11] [12] In vivo observations have revealed that most of the resulting vacant spaces could be transiently maintained during and after cell extrusion. 13, 14 Based on existing theories, it remains unclear how the neighboring cells squeeze the apoptotic cell out and at the same time a gap remains. The determinant of extrusion polarity in intestinal epithelial cells also remains elusive. Here, we recapitulate extrusion that leaves these gaps by culturing mouse intestinal epithelium with and without basal lamina and explore the mechanisms of this unique apoptotic cell clearance.
MATERIALS AND METHODS Mice
Male C57BL/6 mice (18-22 g) were obtained from the Shanghai Laboratory Animal Center (Chinese Academy of Sciences). All animal experiments were performed with the approval of the animal ethics committee of the Third Military Medical University (China).
Isolation of Intestinal Mucosa and Villus Units without Basal Lamina
The duodenum and jejunum were removed from each animal and flushed with cold d-Hank's solution (4 1C) containing 0.5 mM dithiothreitol to remove the luminal contents. Intestinal tracts were then everted and the intestinal mucosa was scraped with a sharp blade. The collected mucosa was suspended in 30 ml cold d-Hank's solution, and collected by sedimentation for 20 s. Sedimentation was repeated three times and the mucosal enrichment was suspended in ice-cold Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Carlsbad, CA, USA). The villus units without basal lamina were isolated and enriched as previously described. 15 Tissue Culture After being washed with ice-cold Hank's solution, the villus units with or without basal lamina were gently resuspended in ice-cold DMEM containing 50 units/ml penicillin, 0.5 mg/ml gentamycin and 5% fetal bovine serum (Hao Yang Biological Manufacture, Tianjin, China), and incubated for 7-15 min in six-well culture plates (100 ml/well for villus without basal lamina, and 200 ml/well for villus with lamina propria) at 37 1C/5% CO 2 . In the system for adding resistance force against cell extrusion, the ice-cold villus-crypt units were embedded matrigel (BD Biosciences, San Jose, CA, USA) or cultured in warm media in the same 24-well plates. The plate was incubated for 2 min in a 37 1C water bath and was then maintained for 5-8 min at 37 1C/5% CO 2 .
Time-Lapse Imaging and Confocal Microscopy
The villus units scraped from the duodenum and jejunum of BL6 mice were cultured on a Leica AF6000 Live Cell Imaging Workstation (Wetzlar, Germany) at 37 1C/5% CO 2 . Phase-contrast images were taken at intervals of 10 s. When recording the time-lapse photography, the time spent to locate the target villus unit and to operate the software before images were acquired was taken into account. After a 7-min incubation, the villus units were sampled and fixed in Histochoicet MB (Amereson, Solon, OH, USA) overnight at 4 1C. The villus units were then washed twice with 70% ethanol and three times with phosphate-buffered saline (PBS). After nuclear staining with DAPI (100 ng/ml in PBS), the villus units were immersed in PBS and observed with a confocal microscope (Zeiss LSM510 META, Oberkochen, Germany) with a planapochromatic Â 40 0.75 NA objective. Consecutive confocal images were generated at different Z-stack intervals. The micrographs were processed with Adobe Photoshop CS2 8.0 and assembled with Adobe Illustrator CS2 12.0.
Electron Microscopy
Sampled villus were fixed with 2.5% glutaraldehyde at 4 1C overnight, post-fixed with 1% OsO 4 for 30 min and then processed as previously described. 16 Immunohistochemistry For immunohistochemistry, the villus units were sedimented for 30 s on ice. The collected units were fixed with Histochoice for 12 h at 4 1C and were then processed as previously described. 16 The antibody used for immunostaining was a rabbit anti-active caspase-3 (1:100; Cell Signaling Technology, Beverly, MA, USA).
Staining Procedures for Confocal Laser Scanning Microscopy Studies
The intestinal mucosa or the isolated villus units before and after culturing were collected by sedimentation. After removing the culture media, samples were fixed with 10% formalin for 10 min at 37 1C and then for 1 h at 4 1C. Single villus units with basal lamina were removed from fixed intestinal mucosa by micro tweezers under a stereo microscope (Zeiss STEMI SV8) and collected by sedimentation in PBS. The collected villus units with or without basal lamina were washed three times with PBS and permeabilized with 0.5% Triton X-100 in PBS for 50 min at room temperature. To block nonspecific binding sites, villus units were washed in blocking solution (PBS containing 10% (v/v) goat serum and 0.1% Triton X-100) for 60 min. The villus units were then incubated with primary antibody diluted in blocking solution for 1 h, washed three times with PBS containing 0.1% Tween-20 and then incubated with secondary antibodies. The primary antibodies used for immunostaining were mouse b-catenin antibody (1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and rabbit anti-active caspase-3 (1:100; Cell Signaling Technology). Actin was detected using ActinTracker Green (1:100; Beyotime, Shanghai, China). Alexa Fluor 633 goat anti-mouse (Invitrogen) and Cy3-labeled goat anti-rabbit IgG (Beyotime) were used as secondary antibodies. DNA was detected with 3 mg/ml DAPI. The stained villus units were mounted with Antifade Mounting Medium (Beyotime). Confocal sections were taken using a Zeiss LSM 510 Meta confocal laser scanning microscope using a Â 63 oil lens at a resolution of 1024 Â 1024. All images were processed further using Adobe Photoshop and Illustrator.
RESULTS

Apoptotic Extrusion of Epithelial Cells with Adhesion Leaves Transient Gaps
Both the apoptotic cell extrusion and the restitution of single-cell defects in the mouse intestinal tissues differed from that observed in cultured cells. 13, 14, 17 To recapitulate the in vivo physiological process, the crypt-villus units with lamina propria isolated from the mouse small intestine were incubated in vitro. After incubation in vitro for 6-8 min, the shedding cells began to bud off from the villus tip ( Figure 1a) as single cells or cell sheets (Supplementary Figure S1) . After a 7-min incubation, the sample was fixed and observed under a confocal microscope. The manner of shedding with gap formation (Figure 1b ) was morphologically the same as previous in vivo observations. 13 This transient vacancy could not be seen if the observation planes did not go through the whole body of shedding cells, and most possibly the presence of a gap-free extrusion may be improperly concluded ( Figure 1b , B and C).
To further investigate the manner of extrusion and its association with caspase activation, the samples that were cultured for 7 min were incubated with an antibody against cleaved caspase-3. It was observed that effective cleavage of caspase-3 was triggered before any morphological changes occurred (Figure 1c Figure 1d . Taken together, our data suggested that the apoptotic extrusion with gap formation in vivo can be recapitulated ex vivo by tissue culturing, and the gap may be transiently filled with the cytoplasmic residues of the apoptotic cell itself. 
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Apoptotic Extrusion with a Gap Is Restricted to the Basal Lamina
To explore the role of the lamina propria in epithelial shedding, we used the isolated crypt-villus units without lamina propria, a basal lamina-free model. The apical extrusion of cells was observed after culturing for 7-15 min (Figure 2a) , whereas the frequency was decreased compared with a model where the basal lamina was present (data not shown). Interestingly, the nucleus of apoptotic cells may move toward either the apical (Figure 2b ) or basal pole (Figure 2c ) in the absence of the basal lamina. In addition, the shedding polarity was also observed with an electron microscope. The microvilli, mainly consisting of actin filaments, were broken down rapidly in an apical shedding manner (Figure 2d ). In contrast, they can be partially retained during basal shedding at a given shedding phase (Figure 2e) , indicating a different direction of cytoskeletal reorganization. The frequency of shedding toward the apical pole was relatively low (79/420, 19%), which may be an underestimation because apoptotic cells during apical shedding were easily lost compared with basal shedding during tissue processing. In contrast, basal extrusion was not identified in the sections of villus units with basal lamina we scanned (n 4200 sections). Taken together, our data suggest that the cell shedding is bidirectional, but apical shedding is preferred in the presence of the basal membrane, possibly providing a physical barrier against basal extrusion and signaling the apoptotic cells to shed apically.
Actin Reorganization During Apoptotic Cell Shedding
We further investigated how the extruding force was generated. As the cells may reorganize their cytoskeletons quickly in response to mechanical forces, 18, 19 we added a resistant force against extrusion by embedding the villi into matrigel to augment the degree of potential cytoskeleton reorganization. Interestingly, in the en face view of the cultured villi, the actin accumulated at the interface between the apoptotic and live neighboring enterocytes was identified by phalloidin staining (Figure 3a ). However, the highest level of phalloidin staining usually corresponded to increased expression of Apoptotic cell deformation and clearance F Wang et al
showed that actin accumulation was increased preferentially inside the apoptotic cells but not in the surrounding neighbors in the presence of resistance forces (Figure 3c ). Additionally, we could not observe actin accumulation in the extended cytoplasm of neighboring cells beneath the extruding cell (Figure 3d and e). Taken together, these data suggest that the increased F-actin structures (Figure 3a ) we observed were mainly composed of the cortical compartment of apoptotic cells.
Neighboring Goblet Cells Cannot Inhibit the Shedding of the Apoptotic Enterocyte
Another major cell type in the villus epithelium is the goblet cell, characterized by mucin granules occupying the majority of the intracellular space. The cup-like shape in the cytoplasm, known as the theta, consists of three layers of cytoskeleton, a layer of microtubules and two layers of intermediate filaments. However, actin filaments are not prominent constituents in this area and contribute little in maintaining the shape of theta. 20, 21 We also found that the fluorescence staining for F-actin, in the interface between the goblet cell and normal enterocyte, was significantly lower than that between normal enterocytes (Figure 4a ). Staining for b-catenin and E-cadherin, which may form a complex with actin, was also decreased at the interface of the goblet/ enterocyte (data not shown). Consistently, it is clear that contacting with the apoptotic enterocyte cannot lead to actin accumulation inside the goblet cell, and F-actin staining at Apoptotic cell deformation and clearance F Wang et al the interface between the goblet cell and the apoptotic enterocyte is lower than that between the normal enterocyte and the apoptotic enterocyte (Figure 4a ). The neighboring goblet cell cannot inhibit the apoptotic shedding of enterocytes, even after adding resistance force by culturing in matrigel (Figure 4b ). Taken together, these data provide further evidence that the actin reorganization mainly occurred in the apoptotic cell, and the cytoskeleton reorganization in apoptotic cells rather than in live neighboring cells may provide the major force for apoptotic extrusion.
Apoptotic Cell Deformation and Gap Closure
Cell shrinkage or AVD was found to precede cytochrome c release, caspase-3 activation and other apoptotic events, an early prerequisite of apoptosis. 4 Consistently, it may help compact the apoptotic cell as the neighboring cells squeeze the cells out of the space. 7 However, in our system, using three-dimensional projection, we failed to find the obvious AVD of the apoptotic enterocytes during the early shedding phase (Figure 5a ). In contrast, the height of the apoptotic cell was significantly increased compared with the surrounding cells during the phase of cell shedding without the extension of neighboring cells, and the apoptotic cell volume appeared to increase (Figure 5a ). Whether shedding apically or basally in the basal lamina-free model, the apoptotic cell may distend toward both the apical and basal poles (Figure 5b ). The movement of the nucleus inside the cytoplasm was found in all the elongated apoptotic cells; moreover, the stretching and deformation of the nucleus was occasionally observed (Supplementary Figure S2 ). All these data suggest that the forces along the apicobasal axis were generated inside apoptotic cells to stretch out the cell itself (Figure 5d ).
Previous studies suggest that the actomyosin ring formed in live neighboring cells may contract together from one pole, which ensures the parallels between extrusion and gap closure. 22, 23 We found that the apoptotic cells shrunk and the interior interface of the gap was covered by the apical surface of the live neighboring cells in the later phase of cell shedding (Figure 5c ), suggesting a process of gradually separating the apoptotic cell from the basal membrane and its neighbors. This separation may be caused by the numerous vacuoles that form in the apoptotic cell. 24 Regardless of whether the apoptotic cells shed apically or basally in the basal laminafree model, gap closure was initiated around the middle of the cell (Figure 5b, A) , indicating the absence of a contraction ring at either the apical or basal pole of the living neighboring cells. All these data suggest that gap closure does not depend on the formation and contraction of an actomyosin ring in live neighboring cells.
DISCUSSION
The mucosal epithelium is the center of interactions between the mucosal immune system and luminal contents. 25 The intestinal barrier is sustained during the high rate of normal cell turnover in the epithelium through unknown mechanisms. Previous studies based on in vitro studies suggest that the cell destined for apoptosis signals its live neighboring epithelial cells to form an actomyosin ring, whose contraction not only squeezes the dying cell out of the epithelial sheet but also closes any gaps that may have resulted from the dying cell's exit. 2, 7 However, studies based on in vivo observations from a multiphoton microscope provided direct evidence that intestinal epithelial shedding may leave a transient gap. 13, 14 In addition, shedding cells leave the epithelium tangential to the plane of the epithelium at a speed of 0.83 ± 0.6 mm/min, 13 which is significantly faster than apoptotic cell extrusion in vitro, which takes over an hour. 7 The flatter morphology instead of the column shape, and adhesion to rigid substrates instead of flexible substrates by the cell lines may have an impact on the apoptotic shedding process. 2 In our present model, the nucleus of apoptotic cells budded out of the monolayer with a time course similar to in vivo epithelial shedding. Gap formation was also observed under a confocal microscope. Using the fluorescent caspase substrate, PhiPhiLux, Watson et al 13 found that full caspase-3 activation is not an uncommon event before cell shedding. Their work was based on human surgical histological specimens demonstrating that most shedding cells were for activated caspase-3, indicating the different sensitivities of these Apoptotic cell deformation and clearance F Wang et al two methods. 26 In addition, they found that some morphologically normal cells were positive for activated caspase-3. 26 Similarly, we also found weak caspase-3 expression confined to the cytoplasm in the very early phases of cell shedding (Figure 1 ). It remains unclear whether cell shedding occurs before or after caspase cleavage. Altogether, these data strongly suggest that epithelial shedding in our ex vivo model shares similar mechanisms with that in vivo. Cultured villus units with adequate shedding cells can be fixed and tested directly, leading to better preservation of shedding cells and a greater ability to study cytoskeletal reorganization compared with a reported method. 26 The effete or abnormal intestinal epithelial cells are not just displaced out of the epithelial layer by the migration of Apoptotic cell deformation and clearance F Wang et al cells lower down the villus. 27 An unknown force was thought to push the shedding cells out. 27 The force was thought to be generated by the contraction of the actomyosin ring formed in the cells surrounding apoptotic cells.
2,7 However, we found obvious actin reorganization in the apoptotic enterocyte but not in the live neighboring cells. Our findings are consistent with the restitution of single-cell defects in the mouse colon, in which no actin ring surrounding the lesion was found. 17 The considerably high speed of cell shedding and threedimensional culture made it impossible to microinject inhibitors into the live neighboring cells in order to block actin reorganization. The apoptotic cell can complete the shedding process when neighboring a goblet cell, in which the majority were occupied by mucin granules but lacked F-actin. 20, 21 All these data suggest that the major pushing force does not come from the squeezing of live neighboring cells. Secretion or lymphatic obstruction has been reported to increase epithelial cell shedding, suggesting that fluid flow or hydrostatic pressure originating within the core of the villus may create a driving force to push epithelial cells out of the villus monolayer. 27, 28 In the basal lamina-free model, our findings clearly showed that the epithelial shedding does not need the force generated in the core of the villus.
The active cell extrusion was observed in the MDCK epithelial cells that express constitutively active oncogenic Ras (RasV12) or v-Src, and are surrounded by normal cells. They may first increase their cell height, without the activation of apoptotic pathways. 29, 30 We also found that the enterocytes with caspase-3 activation may increase their height (Figure 5a and b). The nuclear movement in the early shedding phase does not require the extension of neighboring cells and dissociation with live neighboring cells and basal lamina. Additionally, the nucleus can also become deformed and elongate (Supplementary Figure S2) , similar to the deformations seen in cancer cells. 31 Together with the above mentioned F-actin reorganization in the apoptotic cell, our data strongly suggest that apoptotic cells may firstly undergo an active deformation process (Figure 5d ). In the passive extrusion model, localization of the actomyosin contractile ring dictates the extrusion direction. 2 Obviously, this theory cannot explain the loss of polarity during cell deformation in our model. Cell shape was controlled by a set of intracellular and extracellular forces. 32 The active deformation of apoptotic cells was followed by cell shrinkage and dissociation of the basal lamina and neighboring cells, leading to an imbalance between extracellular forces and the intracellular forces in the live neighboring cells. In the basal lamina-free model, we found that in the later shedding phases the basal-lateral surface of the neighboring cells became semispherical and the gap was narrowed (Figure 5b ). This is consistent with the spherical morphology of the isolated cells, which were shaped by cortical tension to reduce the surface area. 32 The control of cell shape also involves an organization of the total plasma membrane into an effective surface of extracellular matrix. 32 In the incubated villus units with basal lamina, we observed depression in the apical surface of live neighboring cells and bending of the basal lamina during gap closure. The depression on the villi surface was more obvious after the shedding of masses of apoptotic cells (Supplementary Figure  S1) , which is consistent with the clefts formed at the villus tip. 24 Therefore, our data support a potential model for apoptotic epithelial cell clearance. Apoptotic cells firstly deform and are gradually separated from the basal membrane and surrounding cells. Live neighboring cells, sensing the change in extracellular forces, extend to restitute the vacant area, a process accompanied by the bending of a local basal membrane (Figure 5d ).
It is noteworthy that the nuclei of apoptotic cells budded off the epithelia may be shed easily during tissue processing, leaving cytoplasmic residues in the transient gap (Supplementary Figure S3 ). Therefore, we speculate that this kind of shedding is easier in vivo. Previously, studies have shown that beneath the shedding cell there is an area of reduced eosin staining that does not contain a nucleus, corresponding to the epithelial gaps observed by confocal microscopy in the living mouse intestine. 26 Consistently, we identified that the cytoplasmic residue that filled the gap contains many vesicles (Figure 5a and b) . As previously reported, 26 it was thought that the cytoplasmic residue may be the substance plugging epithelial gaps following cell shedding in vivo.
In conclusion, we propose an ex vivo model for investigating intestinal epithelial shedding with gap formation. Our findings provide new insights into the mechanisms leading to cell shedding, and highlight the roles of active deformation of apoptotic cells in clearing itself. In addition, adhesion-restricted shedding polarity may serve as a protective mechanism against the metastasis of unhealthy cells into tissue. Our results yield new information on the pathogenesis of intestinal disorders that result from altered epithelial shedding control and barrier function.
